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ABSTRACT: We study the simplest theories with exact spacetime parity that solve the strong
CP problem and successfully generate the cosmological baryon asymmetry via decays of right-
handed neutrinos. Lower bounds are derived for the masses of the right-handed neutrinos
and for the scale of spontaneous parity breaking, vg. For generic thermal leptogenesis,
vr > 10'2 GeV, unless the small observed neutrino masses arise from fine-tuning. We compute
vgR in terms of the top quark mass, the QCD coupling, and the Higgs boson mass and find
this bound is consistent with current data at lo. Future precision measurements of these
parameters may provide support for the theory or, if v is determined to be below 102 GeV,
force modifications. However, modified cosmologies do not easily allow reductions in vg —
no reduction is possible if leptogenesis occurs in the collisions of domain walls formed at
parity breaking, and at most a factor 10 reduction is possible with non-thermal leptogenesis.
Standard Model parameters that yield low values for vg can only be accommodated by having
a high degree of degeneracy among the right-handed neutrinos involved in leptogenesis. If
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future precision measurements determine vg to be above 10'2 GeV, it is likely that higher-
dimensional operators of the theory will yield a neutron electric dipole moment accessible
to ongoing experiments. This is especially true in a simple UV completion of the neutrino
sector, involving gauge singlet fermions, where the bound from successful leptogenesis is
strengthened to vgp > 103 GeV.
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1 Introduction

Leptogenesis requires neutrino masses to be Majorana and CP violation in the lepton sector.
Observations of neutrinoless double beta decay and different oscillation rates for neutrinos
and anti-neutrinos would therefore maintain strong interest in leptogenesis. However, the
SM viewed as an effective field theory is also expected to have these properties, so Majorana
neutrino masses and CP violation in neutrino oscillations are hardly evidence for leptogenesis.
Evidence from neutrino data could emerge in the context of an underlying theory where the
number of parameters in the lepton sector is reduced, either by flavor symmetries [1] or by
assuming that some entries in the neutrino Yukawa matrix are too small to be relevant [2, 3].
Here we try an alternative direction.



A particularly simple and motivated setting for leptogenesis is provided by theories
with an underlying parity symmetry. The new fermions required for leptogenesis are right-
handed neutrinos, required by the parity transformation vy, +» vg. Theories with parity are
strongly motivated by the elegance of the matter representation [4, 5] and as a solution to the
strong CP problem [6-8]. Minimal theories that solve the strong CP problem via an exact
parity symmetry double the weak gauge group to SU(2)z x SU(2)r and have a single Higgs
doublet for each SU(2), Hr, and Hg. Parity and SU(2) g breaking occur spontaneously, with
(HR) = vr generated radiatively by the Higgs Parity mechanism [9]. The effective theory
below vp is essentially the Standard Model (SM), and vg can be computed as a function of
SM parameters because it is the scale where the SM Higgs quartic coupling vanishes. There
are large uncertainties due to experimental uncertainties in the top quark mass, m;, and the
QCD coupling, as. Currently, vg lies in the range (3 x 10'° — 3 x 1013) GeV, at 10.

In these theories Majorana masses for the light neutrinos arise from both the seesaw
mechanism by the exchange of v, and from a direct dimension-5 Weinberg operator con-
tribution. The coefficient of the Weinberg operator is determined by vr and by the size
of the right-handed neutrino masses M;, giving

di vi

mit = —L M. (1.1)
VR

Hence the thermal leptogenesis bound M; > 109 GeV from naturalness [10], and the require-

ment that the direct contribution to the neutrino masses not exceed the observed masses,

leads to a naturalness lower bound on vg. If the flavor mixing angles and CP violating phases

are of order unity, vy is predicted to be at the bound.

In this paper we study leptogenesis in these theories, where radiative spontaneous breaking
of exact parity symmetry solves the strong CP problem. We show that successful leptogenesis
gives rise to strong bounds on vy solely from forbidding fine-tunings in the neutrino mass
matrix. Such bounds on v can be translated to bounds on Standard Model parameters such
as m; and ag which are associated with v as discussed above. Moreover, we discuss the
implications of these measurements for the estimate of the neutron electric dipole moment
that arises from a higher-dimension operator involving Hgr and the breaking of parity.

Leptogenesis in the same class of theories was analyzed in [11], coupled with the additional
requirement that dark matter is composed of the lightest right-handed neutrino. This dark
matter was produced by relativistic freeze-out with subsequent dilution from the decay of
a heavier right-handed neutrino or by freeze-in with a low reheating temperature. Here,
we remove this dark matter requirement and analyze in detail the lowest possible vgr that
allows the right-handed neutrinos to generate the observed baryon asymmetry of the universe
through thermal or non-thermal leptogenesis.

In section 2 we review the two simplest models of parity restoration that solve the strong
CP problem. The Left-Right model has no quarks and charged leptons beyond those of
the SM, while in the Mirror model a set of mirror fermions is introduced. In section 3 we
compute vg, paying particular attention to the dependence on m; and ays. In section 4
we discuss the origin of neutrino masses; the effective field theory for the neutrino sector
is identical in the Left-Right and Mirror models. We derive the relationship between the



Leptogenesis Scenario Lower Limit on M; Lower Limit on vp
Thermal Right-Handed Neutrinos, vg | ~ 10° GeV (5.1) ~ 102 GeV (5.2)
Non-thermal vg ~ 107 GeV (6.1) ~ 101 GeV (6.1)
Degenerate vg ~2x103GeV (6.2) | ~10?GeV (6.2)
Radiative Singlet Model ~ 10 GeV (6.3) ~ 10 GeV (6.3)
Domain Wall Collisions ~ 10 GeV (7) ~ 102 GeV (7)

Table 1. Overview of the leptogenesis scenarios considered in this work. Each scenario gives rise
to naturalness limits on both the scale of the right-handed neutrino masses, M;, and the scale of
right-handed symmetry breaking, vg. The limits are discussed further in the highlighted sections.

mass matrix of the active neutrinos, the right-handed neutrino masses and neutrino Yukawa
couplings relevant for leptogenesis.

In section 5 we compute the naturalness bound on vy from thermal leptogenesis in the
case that the right-handed neutrinos do not possess a high degree of degeneracy. The bound
is very strong, so in section 6 we study whether it can be weakened by the decays of a non-
thermal population of right-handed neutrinos 6.1, degeneracy of right-handed neutrinos 6.2,
or in the Radiative Singlet Model where the light neutrino masses vanish at tree-level 6.3.

Up until this point, we assume parity breaking occurs at a phase transition before inflation,
so that the resulting domain walls are inflated away. In section 7 we relax the requirement of
exact parity in the Higgs sector so that the spontaneous breaking of parity may occur after
inflation, leading to an era with a domain wall network. We investigate whether the bound
on vgr could be weakened by having leptogenesis occur during collisions of domain walls.

A summary of each of these leptogenesis scenarios and their corresponding limits on both
the scale of the right-handed neutrino masses, M;, and the scale of right-handed symmetry
breaking, vg, is shown in table 1. Conclusions are presented in section 8.

2 Parity restoration with minimal Higgs doublets (Higgs parity)

A remarkable feature of the Standard Model (SM) is that spacetime parity is broken. The
central role played by parity conservation in atomic and nuclear physics, and the apparently
fundamental nature of the transformation r — —r, resulted in parity violation emerging
in the mid-1950s as a profound surprise [12, 13]. Left-handed fermions appear as doublets
of the weak interaction gauge group SU(2)r, while the right-handed fermions do not feel
this weak force. For example, {1, = (v, er) represent the SU(2);, doublets of left-handed
neutrinos and charged leptons, while e are SU(2)y singlets and right-handed neutrinos
have not been discovered.

Although vy, and ey, are treated symmetrically by the weak interaction, it is hard to
conceive of two particles less like each other than the neutrino and electron. The differences
emerge from the breaking of the weak interaction symmetry by the condensate of the Higgs
field H, which is also a doublet of SU(2);, and was discovered a decade ago. The potential
for the Higgs field is extremely simple involving two real parameters

A
Vom(Hp) = —p® H) Hy, + 5 (HI Hp)?. (2.1)



The minimal extension of the Standard Model that allows an excess of baryons over
anti-baryons to develop in the early universe is obtained by adding Majorana fermions, IV,
that do not feel the strong or electroweak interactions and have Lagrangian terms

1
LN:ygLNHL"i'iMNNN; (22)

where generation indices are omitted. If the couplings y are large enough, N were produced
during an early era of the hot big bang. As the temperature dropped below their mass,
they generate a lepton asymmetry by decays

N_>€LHL7 EEa (23)

with different decay rates to the particle and anti-particle modes. The lepton asymmetry is
processed to a baryon asymmetry by sphalerons of the SU(2); weak interactions.

Parity restoration provides a simple framework for realizing this cosmological scheme
of leptogenesis, as the fermions N are interpreted as right-handed neutrinos, which parity
requires. To construct a theory which is parity invariant it is necessary that, in addition to
reflecting the spatial coordinate, the weak interaction of SU(2)y, is transformed into another
interaction, SU(2)g, that acts on right-handed fermions. Thus the electroweak gauge group
must contain SU(2)z x SU(2)g, and nature must contain Wx gauge bosons of SU(2)g, in
addition to the observed Wi, gauge bosons of SU(2);. Under parity, in addition to r — —r,

SU@2)L < SU(2)r,

00(2,1) = (:ﬁ) & lp(1,2) = (;’;)

There are two theories of parity restoration that are consistent with thermal leptogenesis.
In both theories, the gauge group is SU(3). x SU(2)r x SU(2)r x U(1) or SU(4) x SU(2), x
SU(2)g. In the minimal version (Model A in [9]) which we call the left-right (LR) theory, the
Parity partners (g,¢) of the SU(2);, doublet SM fermions (g, ¢) are SU(2)g doublets and are
right-handed SM fermions except for v, and the U(1) generator is B — L when acting on
SM fermions. In particular, 1 i are identified as the right-handed charged leptons, er. In the
other, non-minimal, theory (Model D in [9]) which we call the Mirror theory in this paper,
all of the Parity partners (¢, ¢/, 4',d’, &) of the SM fermions (q, ¢, i, d, €) are new particles.
These mirror fermions have the same SU(3). x U(1)y charges as the SM counterparts, and
(¢',¢') are SU(2)g doublets. In both theories, the neutrinos vz, and vi have the same mass
terms and the same interactions relevant for leptogenesis, so the analysis and results of this
paper apply to both the LR theory and the Mirror theory. A summary of the LR and Mirror
parity-symmetric theories is shown in figure 1.

There are three other closely related theories of parity restoration. Two (Models B
and C in [9]) have a gauge group SU(3). x SU(2);, x SU(2)r x U(1), but differ from the
LR and mirror theory in whether parity conjugates the color and hypercharge quantum
numbers. Another one, with electroweak symmetry completely mirrored, has a gauge group
SU(3)exSU(2)r xSU(2)r x U(1)y x U(1)yr, fermions are doubled, and ¢r are mirror leptons
charged under Mirror QED, ¢/, [14]. However, in these three theories, the lightest extra quark



Parity Symmetric Models

Left-Right Electroweak Theory Mirror Theory
Energy Scale Energy Scale
A A
SU(?)L X SU(Q)R X U(I)B,L SU(?)L X SU(Q)R X U(l)y+y/
Left-Handed Particles A Right-Handed Particles Particles 4& Mirror Particles
Ly = HLHL(AT'D) + ... Ly = (ty.e)Hy + (('y;e )Hp + ...
V(HL,HR) of Eq. 2.5 V(HLHR) of Eq‘ 2.5
L,(¢,0) of Eq. 4.1 L,(0,0) of Eq. 4.1
— vr = (Hg) — vr = (Hg)
SU(?)L X U(l)B,L SU(?)L X U(l)y+E31/
Yukawa couplings y o< vr/A Yukawa couplings §' =y — m’ = (vg/v)m
— v = (Hp) — v =(H)
U(L)em U(D)em+eM

Figure 1. Overview of the two parity-restoring models with minimal Higgs sectors. The left-panel
shows the ‘Left-Right’ theory, which has gauge symmetry SU(3). x SU(2)r x SU(2)g x U(1)p_r, at high
energies. Parity interchanges left-handed and right-handed quarks and leptons, and is spontaneously
broken at vy by the Hg vev, which also breaks the gauge group: SU(2)gr x U(1)p—r — U(1)y. SM
Yukawa couplings arise from the dimension-five operators shown in green. The right-panel shows the
‘Mirror’ theory which contains mirror quarks and leptons. The strong interaction gauge group may
be SU(3). or SU(3) x SU(3)" — SU(3).. Spacetime parity maps SM fields to their chirality-flipped
mirror counterparts. Parity is broken at vy by the vev of Hp, with charged mirror fermions acquiring
masses vg/v larger than their SM counterparts, as shown in red.

is stable and necessarily produced at the high temperatures necessary for leptogenesis. At the
QCD phase transition, these quarks hadronize with SM quarks, forming heavy fractionally
charged particles whose terrestrial abundance is highly constrained [15]. Consequently, the
cosmology of these theories is challenging to reconcile with leptogenesis. For this reason, we
hereafter mainly focus on the LR and Mirror theories which do not have these problems.
(See, however, discussion at the end of section 6.2.) The U(1) x U(1)" symmetry of the
Mirror electroweak theory may be spontaneously broken down to U(1) to obtain the LR
or Mirror theory.

Experimental searches for Wg have placed a lower limit on vg of 13TeV in the LR
theory [16], where the parity partners of the left-handed SM fermions are right-handed SM
fermions. In the Mirror theory, the mirror quarks are triplets under QCD, at least at LHC
energies, so that the u’ mass must be above 2 TeV, forcing v above 10® GeV. SU(2)z must
be broken at a larger scale than SU(2)z. A key question is how the Higgs fields transform
under the gauge group SU(2)z x SU(2)g. In this paper we explore the possibility that the
Higgs system is minimal, namely under parity

HL(2,1) © HL(1,2), (2.4)



leading to a doubling of the SM Higgs potential and the addition of a quartic coupling

A A
V(Hy, Hp) = (_,ﬁ H}Hy, + 3 (H}HLV) + (—,ﬁ HLHp + 3 (H;HRF) +¢H H HLHp.
(2.5)

At tree-level there is no realistic vacuum solution of this potential; either H; and Hg have
equal vacuum values, vg = vr, or one of them vanishes, v;, = 0 [17]. However, radiative
corrections allow a realistic vacuum with parity spontaneously broken at the scale where the
SM quartic coupling passes through zero, giving a 1o range of

vr ~ (3 x 109 — 3 x 10%3) GeV, (2.6)

as discussed in the next section. This theory of Higgs Parity [9] is the minimal Higgs sector
with parity restoration and, unlike conventional LR theories with SU(2); x SU(2)g, the
parameters of the Higgs potential are real. Parity solves the strong CP problem in the LR
theory, with radiative corrections to @ arising at 2-loops [9, 18] offering the possibility of
detection of a neutron electric dipole moment in upcoming experiments [19].! Strong CP
is also solved in the Mirror theory, providing QCD is not mirrored [14, 20] or arises from
the breaking of SU(3) x SU(3)’ to the diagonal sum [14, 21]. In these cases the radiative
corrections to 6 are negligible, as in the SM.

The theory with Higgs Parity, whether LR or mirror, is an EFT and is expected to have
higher-dimension operators that generate a non-zero value of § once parity is spontaneously
broken. These first arise at dimension 6 [9]

— (HlH — HLHR) GG + ... (2.7)

where G is the QCD field strength. There are also relevant operators that correct the quark
Yukawa couplings at order vIQ% /Ml%l. The resulting bound on wvg is highly uncertain, as the
UV completion at the Planck scale Mp; is not known. For example, with C' = 1 the bound is
vr < (1012-10'3) GeV for Mp; in the range of the Planck or reduced Planck mass. Thus,
as vg is increased above about (103—10')GeV, a “Little strong CP problem” emerges.
However, it may be that the LR or mirror theory has a UV completion before the Planck
scale that leads to C' < 1, allowing these larger values of vp. For example, if parity is
embedded into SO(10) x C'P [9] we expect C' ~ v19/Mpy, where vy is the SO(10) breaking
scale. Similarly C' < 1 if supersymmetry is encountered between vy and Mp;. In the coming
decade, experiments searching for the neutron electric dipole moment will improve sensitivity
by a factor of 30 [19], thereby probing values of vg higher by a factor of 5. Thus, there is
a good chance of discovery if vy is in the range of (10'2—10'*) GeV and the LR or mirror
model is UV completed at the Planck scale, and there is also a chance for discovery if vg

is larger and a UV completion with C' < 1 comes earlier.

! A non-minimal alternative is to introduce soft breaking of parity in the scalar potential, §V = > (HEH L—
H LH r). Realistic vacua then result at tree-level, with any value of vr above the experimental bound. Indeed,
this was the first model constructed with parity solving the strong CP problem [8]. This soft breaking in the
electroweak Higgs potential could arise from spontaneous breaking in some other sector of the theory. In this
paper we restrict our attention to the minimal electroweak Higgs potential of (2.5) with parity exact.



When gauge singlets N are added to the SM, and thermal leptogenesis proceeds via
the interactions of (2.2), there is a bound on the mass of the lightest N involved in the
process, My > 10° GeV as discussed in section 5.1. This can be relaxed in theories where
the decaying N have a non-thermal abundance or where there is degeneracy among the
N. In this paper we study bounds on m,, and vg from leptogenesis in parity symmetric
theories with minimal Higgs fields. In addition to the seesaw contribution to the light neutrino
mass, which is inversely proportional to m,,, there is a direct term from a dimension-5
operator, (v /v%)m,,, proportional to m,, as discussed in section 4. Forbidding a fine-tuned
cancellation between these contributions, we derive a lower bound of v > 3 x 10! GeV, in
the middle of the range (2.6) allowed by the Higgs Parity theory.

3 The scale of SU(2)g in Higgs parity

We begin with a brief review of how the scale vg is correlated with the values of the top
quark mass, m;, and the QCD coupling, «; in the Higgs Parity theory [9]. The minimal
Higgs potential, (2.5), is usefully rewritten as

A 2
V(Hy, Hp) = —i® (H{Hy + HyHg) + 5 (HLHL + HRHg) + N HLH HRHg.  (3.1)

We assume that the mass scale p is much larger than the electroweak scale, vy,.

With positive 2, Hg obtains a large vacuum expectation value (Hg) = pu/\/? = vg
and spacetime parity is spontaneously broken. After integrating out Hp at tree-level, the
low energy effective potential of Hy is

/

Vip(Hp) = N v} HI Hp — N (1 + ;) (HI Hp)?. (3.2)
The hierarchy vy, < vg is obtained only if the quadratic term is small, which requires a small
value of X ~ —v% /U%{- The quartic coupling of the Higgs Hy, Agm, is then very small at
the symmetry breaking scale vg. The nearly vanishing quartic coupling can be understood
by an approximate global SU(4) symmetry under which (Hy, Hr) forms a fundamental
representation. For || < 1 the potential in eq. (3.1) becomes SU(4) symmetric. The
SU(4) symmetry is spontaneously broken by (Hpr) and the SM Higgs is understood as a
Nambu-Goldstone boson with vanishing potential.

At tree-level the potential still leads to (Hy) = (Hgr) = wr because of the small
quartic coupling. However, for extremely small )\, vacuum alignment in the SU(4) space
is fixed by quantum corrections which violate the SU(4) symmetry. The dominant effect is
renormalization group running from energy scale vg down to vy. The top quark contribution
dominates over the gauge contribution and generates a positive quartic coupling Agn(vy) ~ 0.1,
and creates the minimum of the potential at v;, < vgr. From the perspective of running
from low to high energy scales, the scale at which the SM Higgs quartic coupling nearly
vanishes is the scale vg. Threshold corrections to Agm(vg) are computed in [20, 22] and
are typically O(1073).

The vacuum alignment can be also understood in the following way. For ' > 0, the
minima of the potential are ((Hy),(Hg)) = (vg,0) and (0,vg), where vg = p/AY2, and
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Figure 2. Left: running of the SM quartic coupling. Right: predictions from the Higgs Parity
mechanism for the scale vy as a function of the top quark mass, m;. Contours of cg(Mz) show how
the prediction changes with the uncertainty in the QCD coupling constant. The thickness of each
contour corresponds to the current 1o uncertainty in my of 2170 MeV. Both panels are for the LR
model.

the mass of Higgses are of order u. For A < 0, the minima are (Hy) = (Hg) ~ vg. None
of these minima for A > 0 and ' < 0 give rise to an SU(2) sector broken at a scale much
lower than the other. To obtain a viable vacuum, we need X ~ 0, for which the potential
has an accidental SU(4) symmetry and nearly degenerate vacua with v = fu% =p?/X. In
this case, quantum corrections must be taken into account to determine the orientation of
the vacuum. The dominant effect is given by the top quark Yukawa coupling, which leads
to a Colemann-Weinberg potential that in the limit that A’ = 0 orients the vev entirely in
the Hp or Hj direction. However, a small negative X' slightly destabilizes the vacuum with
all the vev in Hg to give ((Hr),(HR)) = (vr,vR) with v, < vg. There is also a physically
equivalent vacuum with the L and R labels interchanged: we define L by vy < vg.

Between the electroweak scale and the scale of parity restoration, vg, the running of the
Higgs quartic coupling Agy is exactly the same as in the SM. We follow the computation
in [23] and show the running in the left panel of figure 2 for a range of values for the
top quark mass m; = (172.56 £+ 0.48) GeV, QCD coupling constant at the Z boson mass
ag(mz) = (0.1179 £ 0.0009), and Higgs mass my = (125.25 £ 0.17) GeV.

The value of the SM quartic coupling at the scale vy is not exactly zero because of
the threshold correction [20],

3 e 3 2 eVv2 92 3 ev2
A ~ " ytn— 4+ ——— (g2 + )21 —1 4
sulvr) = —gauIng -+ o9+ g | In [ 1 42 Mgt e My



where the MS scheme is assumed.? The prediction for the scale vy is shown in the right
panel of figure 2 as a function of m;. Colored contours show how the prediction for vg
changes when the QCD coupling constant varies by +1c and +20 deviations about its
mean. The thickness of each curve corresponds to the 1o uncertainty in the measured Higgs
mass, my, = (125.25 + 0.17) GeV. With 20 uncertainties, vg can be as low as 3 x 10° GeV.
Future measurements of SM parameters can pin down the scale vgp with an accuracy of
a few tens of percent [20].

How accurately will vg be determined by future measurements of my, as and my? At the
present central values, varying both m; and a; by the current 1o uncertainties of 480 MeV
and 0.0009 gives a range in vg of about three orders of magnitude, from about 3 x 10'° GeV to
3 x 10'3 GeV. Studies of expected reductions in these uncertainties [24-27] offer the possibility
of a large improvement in the determination of vg. Over the coming decade, improvements
by a factor 3 on dmy and 5 on my from High Luminosity LHC, and a factor 2 on da,, will
shrink the 1o range for vy to about one order of magnitude. However, the future allowed
range for vy depends strongly on the results for the central values of m; and «s. From the
right panel of figure 2, it is apparent that the determination of vg becomes more precise at
higher values of m;, where high values of vg can be reliably excluded. In the left panel of
figure 3, we assume central values for m;(c;) that are 1o above (below) the current values
and find that the full 1o range for vg is only about a factor of 3. In the right panel, we
assume central values for m(a;) that are 1o below (above) the current values and find that
the full 1o range for vp is still 2 orders of magnitude.

At a future eTe™ collider, a top threshold scan could give a further factor of three
reduction in dmy, high statistics Z measurements could reduce das by a further factor of 4,
and the uncertainty on mj would be around 10 MeV. The yellow bands of figure 3 indicate
the uncertainty in vy with next generation colliders. With present central values for these
parameters, the full 1o range for vg would then be about a factor of two, whereas the ranges
for other choices of the central values can be seen in the right panel of figure 3.

Using an analytic approximation, we find uncertainties in log;,vgr of

omy . ) (3.4)

d(logipvr) = (logipvr —7.9) (—0.23 048GV’ 0.15 0.0009
from uncertainties (6my, d,,). This is a good approximation for 10? GeV < vp < 104 GeV,
and the first factor shows how the uncertainty grows with vg. Using this approximation, at the
current central values the 1o uncertainties in log;qvg are (£0.83,£0.54) now, (£0.28, £0.18)
after High Luminosity LHC, and (£0.09, £0.07) after runs at a future e™e™ collider. The
latter case corresponds to dvr/vrp = (£0.21,£0.16).

2Here it is assumed that the top Yukawa is simply given by y.Hrqu + y.Hrgu. In the LR theory, it
is possible that u and @ has a Dirac mass term. The threshold correction for this case is different from
eq. (3.3), but this only makes the prediction on vg for given SM parameters smaller [22]. In Model D, Yukawa
interactions of Hrqu + Hrqu are allowed by the gauge symmetry. As is shown in appendix C, the prediction
on vg for given SM parameters can become only smaller also in this case.
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Figure 3. Future determinations of vg in the LR model from improved measurements of SM
parameters. The figures are analogous to the right panel of figure 2 but with improved uncertainties.
The labelled colored bands and the uncertainties on the m; axis are for expected improvements over
the next decade, with uncertainties of 160 MeV for my, £0.00045 for as(Mz), and £30 MeV for my,.
The yellow band highlights the even finer precision expected with a next generation e*e™ collider.
The 30 uncertainty range of m; from a future eTe™ collider is roughly the same as the 1o uncertainty
range from the High Luminosity LHC, shown as a vertical dark-gray band. Left: centered on my ()
that are 1o above (below) the current values. Right: centered on my(c;) that are 1o below (above)
the current values.

4 Neutrino masses with Higgs parity

In both the LR and Mirror theories with Higgs Parity, neutrino masses arise from operators
of dimension-5
1

2M
where M is real, ¢;; is symmetric and b;; is Hermitian. The leptons, which transform under
SU(2)z x SU(2)R as £(2,1) and £(1,2), are described by two-component left-handed Weyl
fields, so that the parity transformation is ¢ <+ ¢/, and Hy, < H};. Previously we called the
lepton doublets of the Mirror theory ¢'; now we call them £, so that our analysis applies to
both LR and Mirror theories. In both theories, we write the neutral field in this doublet as v,
and describe the corresponding state as a right handed neutrino, vg.

* 7.7 1 7
L, =— (ﬂicijﬂj HpHy, + licit; HRHR> + i libjjl; HHr + h.c., (4.1)

The operators of (4.1) can arise from exchanges of heavy fermions, transforming under
SU(2)r x SU(2)g as (1,1) or (3,1) + (1,3) for the lepton number violating case and (1,1) or
(2,2) for the lepton number conserving operator [9, 22]. In section 6.3 we explore interesting
features of the theory where both types of operator are generated by three Majorana singlets
S(1,1). The operators can also arise from the exchange of massive scalars transforming as
(3,1) + (1,3) ((2,2)) for the lepton number violating (conserving) operators. If the masses of
the heavy exchanged particles are larger than vg, then the effective theory (4.1) applies at
scales of vg and below. Even if these masses are below vg, providing they are the largest
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mass terms in the neutral fermion mass matrix, the effective theory relevant for neutrino
masses and leptogenesis is given by (4.1) with Hp replaced by vg.
The effective Lagrangian of (4.1) leads to a 6 x 6 neutrino mass matrix,

(vi 1) <Mij vE /v, yz’j“L) (’/J)7 (4.2)

* —

where M;; = cijU%/M and y;; = b,-ij/M . Without loss of generality, we can work in a
basis where ¢;; is diagonal such that

Mij = M,; 5ij7 (4'3>

with all M; real and positive and no summation over indices. On integrating out the three
heavy states assuming cv% > burvg, we obtain a mass matrix for the three light neutrinos:

2
mij = 5Z]£Ml — Yik ﬁ]f yk:jUL = (Sij m; - m:;' (4.4)
We call the first term the “direct” contribution and the second the “seesaw” contribution.

It is useful to study the direct and seesaw contributions to the light neutrino mass matrix
from each vg,. Each 7; field couples to a single combination of /;, which we call ?;, so that

the Yukawa coupling of 7; can be written as

Ly, =y ;v H+hee, U = y5i /i, yr =yl (4.5)
J

with y; real. Thus, each v, gives mass contributions to two different states, a direct one for
v; and a seesaw one for ;. (Note that ?; are not orthogonal.) If large leptonic mixing angles
arise from the neutrino sector, v; and 7; are expected to be very different, and generically
they are not orthogonal. Consequently, the Lagrangian for the light neutrino masses can
be written as a sum of three such terms, one from each vp,

1 dir SS ~ ~ 1 U% y?”% ~ ~
L, = 3 Z (mZ ViVi — m; 1/1-1/1') +h.c. = B Z — M; viv; — . v +h.c.. (4.6)
i i \YR i
In parity-symmetric theories, eq. (4.4) demonstrates that the direct contribution to the
neutrino mass, m¢* = (v /v})M;, always contributes to the active neutrino mass, and may
dominate over the seesaw contribution, mj;. A useful numerical parameterization of the
direct contribution is

, 11 2
m?ir ~10-1 eV( M; ) <6 x 10 GeV) ' (4.7)

109 GeV VR

The lower bounds on vg derived in this paper follow directly from the equal magnitudes
of the ¢;¢;H? and ¢;¢; H? couplings of (4.1), which gives m{" = (v? /v%)M; and (4.7). In
conventional LR models, with gauge symmetry breaking from bi-doublets and triplets, the
direct contribution to neutrino masses is replaced by a type-II seesaw contribution. While this
contribution is proportional to (v% / U%)M,;, the proportionality constant is a free parameter,

typically less than unity, so that the bounds on vy are lost.

— 11 —



5 Natural bound on vg from thermal leptogenesis

In the early universe, decays of right-handed neutrinos can generate a lepton asymmetry,
which is then processed by electroweak sphalerons to give a cosmological baryon asymmetry.
In the case that the lightest right-handed neutrino, vg,, was in the thermal bath before
or during the era of decay, this mechanism is known as thermal leptogenesis. The physics
of leptogenesis is the same whether the decaying state is N1 of the augmented Standard
Model, (SM + N), or vg, of a theory with parity restoration. For simplicity, in both cases
we refer to the decaying state as vp,.

After inflation we assume that the universe reheats to a temperature T 2 M; (except
in section 6.1) so that thermal production of vg, is not suppressed. We assume that the
maximum temperature reached after inflation 7T,,,x < vg, to avoid domain wall formation at
the SU(2)g phase transition (we remove this constraint in section 7 where we add a small
Zy-breaking term that makes the wall network unstable). While the EFT of (4.1) ensures
M; < vg, in many theories of inflation Tiax > Try [28, 29], so that vg > M; allows for
a wide range of reheating scenarios. Virtual processes involving gauge bosons of mass of
order vg put vg, in thermal equilibrium if [30]

T 0 gay (—vn_\
>5x 10" GeV | —5—+— . 5.1
i (1012 GeV) (5.1)
When leptogenesis is close to the strong washout regime, or in strong washout as in section 6.3,
interactions with the SM Higgs are sufficient to put vg, in thermal equilibrium, so only
Tr > M; is required.

5.1 Bound on M;

Decays of vg, give a yield for the baryon asymmetry of

Yp = n?B = 3—3 €1 Yiherm ~ 10 3en (Thermal Leptogenesis), (5.2)
where Yipherm is the thermal yield of vr,. The efficiency factor n is small when vg, is in
thermal equilibrium at decay (the ‘strong wash-out’ regime). At the energy scale My, the
Yukawa interaction of vg, is y1 6711/31 Hj,, where we use the tilde basis of (4.5). Integrating
out vg, leads to a seesaw mass for 7 of size m$® = yfv? /M;. The ‘strong wash-out’ regime is
avoided if m$* < 1073 eV, in which case 0.3 < n < 1 [31]. € is the lepton asymmetry produced
per vg, decay, and results because at 1-loop level I'(vg, — Hpl1) # I'(vg, — H}Jﬂ)

We begin by assuming that the dominant contribution to the 1-loop diagram for e
involves the exchange of vpr,, while the contribution from the exchange of vg, is negligible,
giving [32, 33]

¢ = Br(vg, — Hpt1) — Br(vg, — Hi )

1 Im(y'y)3, (M 1 (y11 + y22)?
-~ Ly B () - Ll ), (5.3
8w j=2 (y }’)11 M1 8 Y+ |y12\
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where g(z) = z((1 —2) ' +1— (1 +2)In(1 + 1/z)) and 29 = M2/M%. € may be written
in terms of the inner product of ¢; and (o,

([1,[2) = (Y11 + y22)y12 = c05926i¢2, (5.4)
VW + ly2l?) (43, + [y12]?)

so that substituting (5.4) into (5.3) and using the definition of y3 gives

2
€= 8y—2 cos? 0y sin 2¢9 g(z2) . (5.5)
™

Here 6, is the angle between the two vectors for ¢, and f in flavor space. If they are
orthogonal there is no flavor mixing between these two generations in the neutrino sector,
and CP violation vanishes.

In the case of degeneracy, My — My < My + My, g(x) > 1, and we defer this case to
section 6.2. For My of order or much greater than M;, a good approximation is |g(x2)| ~
(3/2)My /M3, giving

3 S M
€~ Ton cos? 0 sin 2¢9 mi}z !

(5.6)

where m$® = y3v? /My is the seesaw mass generated by the exchange of vg,. Requiring that e
is large enough to give the observed baryon asymmetry, Yz ~ 107!° and that the seesaw

mass from vg, exchange is bounded, m5 < m3**, leads to a lower bound on M;

My Z

SS *

6 x 10% GeV (0.05 eV
my

s ) , with Ay = cos? 0 sin 2¢s. (5.7)

The bound becomes stronger as 7, cos? f3 or sin 2¢9 are taken less than unity.
The contribution to € from vg, exchange takes the same form as that from vg, exchange,
so that together they yield

3
€ 7(./42777;8 + Agmgs)

~ Tox (5.8)

et}
02’
where m§’ = y%v2 /M3, Az = cos? §3sin 2¢3 and 63 is the angle between /1 and f5. We have
also taken M3 to be of order or much greater than M;.

Taking m5’s < m$’y, the lower bound on M; becomes

108 : :
My > 6 x 10% GeV <005€V> N 3><108GeV<005eV>. (5.9)

n(Az +Az) \ myy mys

Can this bound on the lightest right-handed neutrino be weakened by increasing m5’s” above

0.05eV? The cosmological limit on the sum of the neutrino masses [34] is now so severe that the
three neutrinos cannot be made almost degenerate with masses larger than 0.05eV. Significant
weakening requires a fine-tuning to force a cancellation among different contributions to a
light neutrino mass eigenvalue. In this paper we do not allow such tunings and hence study
the consequences of the approximate naturalness bound

M; > 10° GeV. (5.10)
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This bound on M; applies in (SM+N) and in all parity symmetric theories where neutrino
masses result from the operators of (4.1). The precise numerical value of the bound depends
on the amount of cancellation or tuning, parameterized by (m$’5/0.05¢eV) in eq. (5.9).

In the ‘strong wash-out’ regime the efficiency 7 is much less than unity, strengthening
this bound on M;. The bound on M; in figures 4, 5 and 7 are for weak washout with n ~ 1 in
order to show the most optimistic lower limits on M; and vg and to demonstrate such limits
are still severe. After the lepton asymmetry is created by vg, decay, removal of the asymmetry
via vg, production is small provided m$® < 1073 eV; for larger values of m5®, the bound on
M is strengthened by approximately (m$*/1073eV)!16 [31]. Recall that (5.9) applies even if
My 3 > My, in which case washout by vg, ; production is negligible. Even in the case that
My is comparable to M, and m3® ~ 0.05eV to maximize production of the lepton asymmetry,
strong washout via v, production can be avoided by reducing m5® well below 1073 eV so
that vg, decays at a temperature well below M; ~ My (but before the universe becomes
matter dominated by vg,). In this case, Try should satisfy (5.1), as the Yukawa coupling of
VR, is too small to put it in thermal equilibrium. vg, can also decay via Wgr exchange, but
we find that this decay mode is negligible and does not reduce the efficiency of leptogenesis.

We stress that this bound results from thermal leptogenesis without degeneracy among
the vg,; cases with a non-thermal initial abundance or with degeneracy are discussed in
sections 6.1 and 6.2. This naturalness bound applies even if there are additional contributions
to the light neutrino masses coming directly from dimension-5 operators. This necessarily
occurs in the parity symmetric theories, but is also expected in (SM + N) which, after all,
is just an effective field theory. Finally, we note that in (SM + N) this bound is not the
rigorous Davidson-Ibarra bound [35], derived for My 3 > Mj; rather, for moderate M 3 it
can be violated if there are unnatural cancellations in the light neutrino mass matrix [10].

A value of M; of order 10? GeV only results for leptogenesis with weak washout and
if the relevant angles in As or Az are order unity, otherwise the naturalness bound on M;
can be orders of magnitude more severe.

As an example of the tuning required to avoid (5.10), consider the case with only seesaw
neutrino masses, which is possible in both (SM + N) and theories with parity restoration
with sufficiently high vgr. Leptogenesis with weak washout, m$* < 1073 eV, implies that
only the seesaw masses from vg, , are relevant for current neutrino mass observations. One
neutrino can be taken as essentially massless and the mass matrix for the two heavy states
can be put in the form

< sin? 6 ms> cos 6 sin § ms’® )
m, =

, 5.11
cos@sinOms e m$ + cos? O ms (5-11)

where the angles 6 and ¢ specify the orientation between the two vectors for £ and /5 in flavor
space and are not determined by leptogenesis. If 6 # 0 the mass eigenvalues are not m3’;
because vg, , couple to different combinations of light neutrinos. If ¢ = 0, m3’5 > 0.05eV
is excluded: a cancellation between them is not possible as they are both positive. On the
other hand for a range of ¢ a cancellation is possible. For example, m%5 > 0.05€V is possible
if ¢ = 7/2, giving Mmatm ~ m$ — m$ and me =~ sin? 6 (m%fg)z/matm. Here maim =~ 0.05¢eV
and mg =~ 0.01eV describe the mass splittings for atmospheric and solar oscillations. In this
paper we explore the consequences of avoiding such tunings.
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5.2 Bound on vg

In parity symmetric models the right-handed neutrinos are massless until SU(2)p is broken,
implying that vg 2 M., the mass of the heaviest right-handed neutrino, which could be
My or Ms. Hence, thermal leptogenesis, via (5.10), already implies that vg > 10° GeV.
However, there is a much stronger bound. Parity invariance of the dimension-5 operators
dir
i

masses of vg,, as shown in eq. (4.7). In the absence of fine-tuning in the light neutrino

implies a direct contribution to the light neutrino masses, m{*, which is v%/ 1)12% times the

mass matrix, md" < md¥* so that

1 1

My \z [0.056V) 2
> 102 ( + ) : . 12
or 2 107GV 5 Gev i (5.12)

Hence, the thermal leptogenesis bound of (5.9) leads to a numerical bound on vg of

1 1 1 1
M, \z2 1 2 (0.05eV\2% [(0.05eV 2
> 1012 +) ( ) . . 1
vr 210 GeV<M1 (As + Az)n mdirs ms’y (5:13)

This bound is applicable only when there is no high degeneracy between M; and My or

Ms. This case is studied in section 6.2 and is found to weaken the bound by up to three
orders of magnitude.

The lowest values for v are obtained in weak washout, with n ~ 1. Washout is negligible,
for example, when m$® ~ 1073 eV, and Mz 3/My 2 4 so that vg,, production is Boltzmann
suppressed at the time of vg, decay, making vg, ; back-reactions small. The lowest value of
v occurs when: Mj 3 is comparable to My; m3’s ~ 0.05€V to maximize production of the
lepton asymmetry; and strong washout via vg, , production is avoided by reducing m37® well
below 1073 eV, so that vg, decays at a temperature well below M; ~ My ~ Ms. If washout
is important, the bound on v becomes stronger than (5.13).

Remarkably, from figure 2 we see that the central value of the prediction for vy from
the Higgs Parity mechanism is of order 10'2 GeV, although the 30 range spans several orders
of magnitude. For lower values of the top quark mass the above bound on wvg is easily
satisfied. However, larger values are inconsistent with this bound, and would provide a strong
motivation to modify the minimal leptogenesis scheme of the previous sub-section. We stress
that the bound on vg is strengthened as the right-handed neutrinos become more hierarchical
in mass; if future measurements of m; are high, consistency will limit this hierarchy. Thermal
leptogenesis with small angles in Ay or As, strengthens the bound on vg, but more mildly
than for the bound on M;. The bounds of (5.9) and (5.13) are both weakened linearly if the
relevant m* are taken larger than 0.05eV. For example, if cancellations of a factor of three
occur between differing contributions to a light neutrino mass eigenvalue, then m* = 0.15eV
and the lower limits on M; and vy are both lowered by a factor of 3.

The bounds of (5.9) on M; and (5.12) on vg are shown in figure 4 in the (vg, M;) plane.
As vp is increased above about 104 GeV, the strong CP problem re-emerges. Hence, in the
unshaded region, which successfully accounts for both neutrino masses and the cosmological
baryon asymmetry, there is a good possibility that the operator of (2.7) will give a positive
signal for the neutron electron dipole moment in current experiments, providing the coefficient
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Figure 4. Lower bounds on M; and vy in minimal theories where parity solves the strong CP
problem and vg, decay gives successful leptogenesis. Neutrino masses arise from the dimension-5
operators of (4.1) without fine-tuning. The horizontal bound is from requiring the observed baryon
asymmetry to arise from thermal leptogenesis without degeneracy of vg. The sloped bound arises
from limits on direct contributions to light neutrino masses, for three illustrative values of M /M.
In the shaded blue and orange regions, fine-tuning between contributions to the neutrino masses
increases with distance from the natural unshaded region. At values of vp larger than 10'* GeV the
strong CP problem re-emerges from (2.7), as illustrated by the gray shading and the top axis. The
region above the dashed line for M; = vg is unphysical in the EFT of (4.1).

C is not small, C' > 0.01. The unshaded region overlaps the region of vy predicted by Higgs
Parity, illustrated by the vertical dashed lines showing the range of vg allowed by the current
1o uncertainty in m;. As uncertainties on m; and «; are reduced, it will be interesting to
discover whether consistency between Higgs Parity and thermal leptogenesis is maintained.

In the ‘strong wash-out’ regime, the bound (5.13) on vg strengthens, as it is proportional
to 1/,/n = (m§$/0.5 x 1072 eV)"58 [31], enlarging the blue region of figure 4. For example,
for m§® = 0.003 eV this is about a factor 3. Entering the strong washout regime removes
the bound (5.1) on T for thermal leptogenesis — it is only necessary that Tr = M;. This
opens up more parameter space for the theory of reheating after inflation, which should
now satisfy vg > Thax > Tr > M.

The lower bound (5.13) on vg follows directly from the equal magnitudes of the ¢;¢; H?
and EiZjH}Qz couplings of (4.1). In conventional LR models, electroweak symmetry is broken
by bi-doublets, ®, and triplets, Aj, r. The v mass term arises from the vev of Ag, and
there is a type-1I seesaw vv contribution from Ay exchange. If the mass of Ay, My, , is of
order vg, the ratio of these two mass terms is proportional to v% /v%. However, it is also
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proportional to Azg, the quartic coupling for the ®T®A; Ax operator [30]

_— <type IT seesaw vv rnass) ~ Am v% (5.14)

U mass Mi '
L

If A\Lgr ~ 1, the order of magnitude of the bound survives; but if A < 1, the bound is
considerably weakened by a factor of /7. The bound would be strengthened for m < vg,
but this requires fine-tuning.

5.3 The vy spectrum

In this paper we define vg, to be the right-handed neutrino whose decays yield leptogenesis.
In the previous sections, for convenience, we also took vg, to be the lightest right-handed
neutrino, but this is unnecessary. For example, we can take leptogenesis to arise from virtual
VR, exchange in vg, decays, with My > M, and take M3 much larger or much smaller than
M as long as it does not upset the leptogenesis mechanism. This requires that vg, is much
lighter and decays while relativistic, or decays soon after it becomes non-relativistic; in either
scenario it will not washout the lepton asymmetry previously created by vg, decay. However,
if v, comes to dominate the energy density of the universe, then its decays will dilute the
lepton asymmetry, and we do not allow this case. It is even possible that vg, is in the
(~2-100) keV mass range and is sufficiently stable to be dark matter [11]. Finally, even if
Wr exchange led to an initial thermal abundance of right-handed neutrinos, it still possible
that vg, is sufficiently heavy and long-lived to come to dominate the energy density of the
universe before decaying, thereby diluting vg, to the observed dark matter abundance.

6 Relaxing the leptogenesis bound on vg

The lower bound on the scale of parity violation derived in the last section from thermal
leptogenesis, vy > 1012 GeV, can be weakened by a factor 1/ VE, when the baryon asymmetry
from leptogenesis is enhanced by a factor E. There are two well-known ways of enhancing
leptogenesis. In the first a cosmological mechanism is introduced to increase the yield of
vR, above thermal. In the second, the lepton asymmetry per vy, decay is increased by
having degeneracy among the vg,, which can result from an approximate symmetry. In the
first two subsections we study how each of these affects the lower bound on vg in theories
with parity restoration. In the final subsection, we investigate how the bounds on vg are
modified when the dimension-five operators for neutrino masses arise from a very simple
theory, the Radiative Singlet Model, where seesaw and direct contributions to light neutrino
masses cancel at tree-level.

6.1 Non-thermal leptogenesis

In this subsection, we study the possibility that before decaying, the v, are not in thermal
equilibrium and have a number density greater than the thermal value. We show that this
case can relax the bound on vy only by about an order of magnitude.

Consider a cosmological era with the energy density of the universe dominated by vg, .
At the end of this era, when vg, decay, we take the vr, number density to be np and
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their momentum distribution to be peaked around pp, corresponding to a typical energy
Ep = /M?+ pzD. If the decay rate of vg, at rest is I'1, the Hubble parameter at decay is

HD 21—‘17. (61)

The decay products, £, Hy, and their anti-particles, reheat the universe via gauge interactions
to a temperature Try, given by

7r2

%Q*Tj‘%H ~ pp ~npFEp. (6.2)

At the same time, the vgp, decays produce a lepton number density enp which, in the
resulting thermal bath, becomes a baryon yield

28 (3 Tru

=5 €1 4ED) . (Non-Thermal Leptogenesis) (6.3)

YB,nonftherm =

Comparing with the result (5.2) for thermal leptogenesis, there is an enhancement factor

YB,nonftherm(n) TRH

F ~ 200-8H 6.4
YB,therm(n = 1) E g ( )

for equal values of e. This ratio can exceed unity, and hence non-thermal leptogenesis can
produce the observed baryon asymmetry with a smaller € and therefore a smaller My than
in the thermal case. However, the size of this ratio and its dependence on Ep is limited
by the Pauli exclusion principle and by washout.

The Pauli exclusion principle limits the number density of vy, at decay: np < p‘;’j /2.
Using this in (6.2) gives

Ep ™~ m

T 1 (pD>3/4. (6.5)
Ep
Thus the enhancement factor, F, is below unity in the non-relativistic region when pp <
M /250, rises as pp is increased, but is no more than ~ 60 in the relativistic regime.
After reheat there is the possibility that scattering of the leptons ¢ via the Yukawa
coupling to vg, will washout the lepton asymmetry. When pp < My, (6.5) gives Try < M,

giving the weak washout condition

T _
1_‘washout = Fl% € (M /Trr) 5 HD = F1E7D (66)

which is satisfied for all pp < M;. As pp approaches the relativistic region, F' rises to near
60. In the relativistic region, with Try > M, the weak washout condition is the same as
for thermal leptogenesis, m$® < 1072 eV. However, such high values for Try require a rapid
decay rate for vg,, and are inconsistent with this weak washout condition. Therefore, for
relativistic g, decays the enhancement factor is F' ~ 601 with n ~ O(10)(M;/Ep)>®. Hence,
by the same logic as section 5.2, in non-thermal leptogenesis with pp ~ Mj, the limit on
vgr can be weakened by vF compared to thermal leptogenesis to

vg = 101 GeV. (6.7)

When the bound is saturated, the reheat temperature is around 10° GeV.
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Leptogenesis with nearly degenerate right-handed neutrinos can indeed be achieved
when the inflaton, ¢, decays dominantly by ¢ — vg,vg,. If the inflaton number density is
sufficiently high when Hubble is of order the inflaton decay rate, I'y, the decays are Pauli-
blocked. This can be seen by noting the inflaton energy density py = mgngy = 3H 2/87G, so
that the faster the ¢ decay rate is (occurring at I'y, ~ H), the greater the inflaton number
density, ng, is. If 'y ~ H > mi /4mMpy, the inflaton number density at decay is ng > mg,
which would generate a number density of vg, much greater than the Pauli degenerate limit
of npp ~ (mgy/2)3/m?. This is forbidden and so ¢ decays must occur over a long period until
ng drops below npp. During this period, ¢ produces a nearly degenerate Fermi gas of vg,
which are continually red-shifted by the expansion of the universe. The phase space of the
vR, is filled until the last inflatons to decay populate states near the Fermi surface, which
dominate the energy density of the distribution. The non-thermal but relativistic vg, then
redshift with the expansion until decaying. Achieving the largest possible enhancement factor
over thermal leptogenesis, F' ~ 60, requires that vr, be at least semi-relativistic and in the
weak washout regime. With an initial momentum of mg/2 there can therefore be no more
than a factor of (mg/2)/(M1) in the redshift between vg, production from the inflaton and
vR, decay. This maximum possible redshift implies the minimum energy density of vg, at
decay is pp = mgnpp(2M1/mg)t ~ M{ /72, Equivalently, the vg, decay rate must be

L M
' ~ M (6.8)
for the lowest limit on vg to be achieved, eq. (6.7). See [36, 37] for leptogenesis from the
inflaton decay with a more generic parameter space.

6.2 Degenerate right-handed neutrinos

In this subsection, we show how increasing the lepton asymmetry per decay, €, via degenerate
right-handed neutrinos can relax the natural lower bound on vg by three orders of magnitude
to 10° GeV.

Consider the case where at least two right-handed neutrinos are so degenerate that
their mass difference AM, is much smaller than their mass, My ~ Ms ~ M. The lepton
asymmetry generated by the decay of vg, is then enhanced by the large g(z) factor in
eq. (5.5), which takes the form of

M2 1 M
i Iy | PR .
g <M12>| 2TAM]| (6.9)

for M1 ~ M2 ~ M.3
Such a degeneracy between M; and Ms can arise, for example, if there exists a discrete
symmetry in the lepton number violating operator of (4.1)

51 < 52 51 — —61 R (610)

3Here we consider moderate degeneracy with mass splitting much above the thermal and zero-temperature
width, so we do not have to apply careful treatments developed in refs. [38-42].
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and similarly on the [ fields to maintain parity, so that ¢;; is diagonal with c11 = c22 giving
My = My = |c11)?v%/2M [11]. This symmetry cannot be imposed on the lepton number
conserving operator of (4.1) since if b;; is also diagonal there is no flavor violation for
leptogenesis. Similarly, it cannot be imposed on the operators generating charged lepton
masses, as there is no degeneracy in the charged lepton spectrum. In the underlying theory
of lepton flavor, there must be different patterns of symmetry breaking in the lepton number
preserving and lepton number violating sectors.

How small can AM/M be? In appendix A, we demonstrate that the charged fermion
Yukawa operators necessarily generate a wavefunction renormalization for vg, , and hence
a mass splitting AM that is at least of order y2/87 ~ 1076, Eq. (6.9) implies then that
9(2)max =~ 5 x 10° is the largest natural value in any LR theory. The naturalness bound
of (5.9) is greatly weakened and becomes

M, 2

(6.11)

m%s *

2x103GeV (5 x 10° <0.05eV>
AQ g(x)max

for weak washout.* The horizontal orange lines in figure 5 show the limit on M; for several
values of the degeneracy AM /M. Note that, since vg, and vg, are degenerate, for Try ~ M
a value of m7% as large as 0.05eV will lead to strong washout, strengthening the bound on
M by a factor of 50. However, strong washout can be avoided by taking Try somewhat less
than M; so that washout through vg, production is exponentially suppressed.

The blue curve of figure 5 shows the lower bound on vg from the direct contribution
to the light neutrino mass as a function of Mj; it is (5.12) with M; replaced by Mj. The
reduction in the lower bound on M; from leptogenesis by a factor of order 10°, decreases
the naturalness bound of (5.13) on vg by 10° to

(6.12)

SS

1
10° GeV (5 x 10° M, 0.05eV> 2 <o.o5eV)é
my

v n
R = <A2)1/2 g(x)max ]\41 mcilr*

for weak washout. Taking M = M3 ~ Mj, this bound corresponds to the intersection of
the blue line with the orange lines in figure 5.

It is interesting to note that for such highly degenerate vg, , the direct contributions to
the light neutrino masses become equal, m‘f% = (v} Jv}) My 2.0

In the Mirror theory, a large degeneracy allows for the possibility that the reheating
temperature required for leptogenesis can be far below the mass of the lightest mirror quark

TRy ~ Mp < myy =~ 10_51}R. (6.13)

In this case, there may be negligible production of v’ after inflation, allowing u’ to be stable
and still below terrestrial bounds on fractionally charged particles [15]. This allows an
additional U(1) in the theory so that the Mirror theory can have electroweak gauge group
SU2)r x U(l)y x SU(2)r x U(1)} as in [20, 21].

4This result follows from the lepton asymmetry produced by vr, decay; a comparable lepton asymmetry
from vg, decay could weaken the bound by up to a factor of 2.

SWhen vg, and vg, are nearly degenerate, it is possible to weaken the bound on M; by a factor of 2 and
the bound on vg by a factor of v/2 if the following two conditions are met: 1) y7 ~ 33, 2) Their CP phases are
opposite, ¢1 = —¢2, s0 as to cancel the negative sign picked up by g(M3/M?) ~ —g(M{/M3).
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Figure 5. Lower bounds on M; and vg in theories of parity restoration, with minimal scalars and no
fine-tuning in neutrino masses. The horizontal bound is from requiring the observed baryon asymmetry
to arise from thermal leptogenesis; it is shown for several values of the degree of degeneracy AM /M
between the decaying and virtual vg. The case without degeneracy, AM/M = 1, gives the bound of
figure 4. As AM/M is decreased to its smallest natural value of 1076, the bound on M; decreases
linearly. As indicated by the gray shaded region, the strong CP problem re-emerges at values of vg
larger than 10 GeV, as discussed around (2.7).

6.3 Radiative singlet model

In our parity symmetric theory, neutrino masses are described by the dimension-5 operators
of (4.1), in both LR and Mirror versions. The physics of neutrino masses and leptogenesis
depends on two independent flavor matrices, b and c. Significant cancellations between
different contributions to the light neutrino mass matrix can only arise from fine-tuning
the parameters of these matrices, leading to the naturalness bounds discussed so far in this
paper. However, cancellations between seesaw and direct contributions to neutrino masses
occur naturally in one of the simplest UV completions of this EFT [22, 43], which we call the
Radiative Singlet Model. In this theory the b and ¢ matrices are correlated, resulting in all
three active neutrino masses vanishing at tree-level. In this section, we study whether such
cancellations lead to a relaxation of the naturalness bound on vg, finding that we can increase
the asymmetry per decay parameter e, but only if leptogenesis occurs in the strong washout
regime. The reduction in efficiency from strong washout roughly cancels the enhancement in
the asymmetry per decay so that vg is again difficult to drop below ~ 10'2 GeV.

Consider a theory for neutrino masses with three gauge-singlet Weyl fermions S;, that
are parity even, S; <> SJ , coupled to leptons via the interactions

ﬁ(Sz) =5; (.CL‘;Z EjHL + x5 ZjHR) + %MSI- S;S; + h.c. (6.14)
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with Mg, real. We take
MSZ' > |$1J| VR, all 4, j (6.15)

so that integrating out S; leads to the dimension-5 operators of (4.1).
To see that the active neutrinos are massless at tree level, introduce a hatted basis so
that the Yukawa interactions of .S; can be written as

Ly, = ; S (& Hp + EZ Hpg) +h.c., éz = Tij fj/:i’i, JAZZQ = Z |xz~j]2. (6.16)
J
Note that the #; are not orthogonal. The EFT below Mg, is
1 :Ef

»CEFT(Sz‘) = 3 ZMS (giHL+ZZ‘HR)2+h.C.. (6.17)

i

The light neutrinos are massless at tree level because each S; couples to only one combination of
right-handed neutrinos and neutrinos, vg Pg; +v 75, leaving the three orthogonal combinations
massless. For example, in a 1-generation version of the theory the right-handed neutrino mass
is M = 2%v% /Mg and the neutrino Yukawa coupling is y = 2?vg/Mg, giving the correlation
y = M/vg. The direct and seesaw neutrino masses, defined in (4.6), are equal

2,2 2,2
dir SS:y’U_:E’U

v :ml/ M - MS .

(6.18)

m

so that the light active neutrino is massless at tree-level.

To study leptogenesis in the 3-generation theory, we abandon the hatted basis in favor
of a mass basis for the right-handed neutrinos. Since the S; are integrated out, we find it
convenient to first go to a non-canonical basis by rescaling S; — S;\/Mg/Mg,, where Mg
is any convenient mass scale, so that the S mass matrix is proportional to the unit matrix.
In this basis the dimension-5 operators of the EFT are

1

L,= o
2Mg

_ _ 1 _
(Z, (xTa:);‘j Ej HyHyp +¢; (wa)ij fj HRHR) + MS 4; (:ch)ij fj H;pHgr + h.c.
(6.19)

Comparing with (4.1), the previously independent coupling matrices b and ¢ are now correlated,

T

with b = 2z, ¢ = 272 and M = Mg. Thus the right-handed neutrino mass matrix and

the Yukawa coupling matrix are also correlated

M=z2Tz ﬁ y=axlz R (6.20)
Mg’ Mg

Neutrino masses and leptogenesis thus depend on a single flavor matrix x. It is a general
complex matrix that can be made diagonal by a bi-unitary transformation x = UxpV where
xp is diagonal with entries 1 < x9 < x3. The unitary matrix V can be eliminated by
a transformation on the lepton doublets. Moreover, the unitary matrix U contains three
rotation angles and three phases, since three other phases can also be removed by transforming
lepton doublet fields. A convenient form for the resulting x matrix is

T = ReiA ID, Aij = 6ijkﬂk7 (621)
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where the matrix A is real and anti-symmetric and R is a real rotation matrix, RT = R,
This parameterization is a mass basis for v, with

2
2 VR . _ 2iA UR
Mij = (51']- Mi, Mi =Z; MS, Yij = a:i(e * )ija:j MS (6.22)
Remarkably, the three rotation angles of the R matrix do not appear in either M;; or y;;
and hence do not affect neutrino physics.
The direct and seesaw masses for the active neutrinos at tree-level are also diagonal
in this basis

2”2

dir,ss
v

Since the active neutrino mass matrix is the difference between the direct and seesaw
masses, (4.4), the light active neutrinos are massless at tree-level. However, this cancellation
is upset by 1-loop electroweak radiative corrections. For the case that Mg, > vg > M;, the

masses of the light neutrinos at leading logarithm are [43]

2 2 2 2
3 Mg M2
My, = 6 22 LS _ys M;% 5; = 169;2 (21n U:Z +In X;) ~ 0.006 In URJE, (6.24)
M R i i

where we take A = 0 for simplicity. Non-zero A introduces O(1) corrections. The two logs
correspond to running in the EFTs above and below vg. Since the generation dependence of
the loop factor d; is only logarithmically dependent on generation, the ratio of active neutrino
masses is close to the ratio of right-handed neutrino masses, m,,/m,, ~ M;/M;.

To avoid tuned cancellations between terms in the matrix product 2’z for the right-
handed neutrino masses, the “phases”, (;, of the antisymmetric matrix A of (6.21) should
not be taken larger than unity. If §; < 1, the lepton asymmetry generated per vg, decay,
€, occurs first at order (51323 and is suppressed. Hence, we estimate naturalness bounds
on M and vg by studying the case of 8; = O(1), which gives

YR igss . .
yij = wizy - €9, 6 =0; ¢y =O(1), i # ] (6.25)
S
and a lepton asymmetry per vg, decay of

2
2 2 Vg 1 my, M

1
€= g1t Mg T 8w 302

(6.26)

where v3 is the heaviest of the three light neutrinos. The result for € is dominated by the
virtual exchange of v, and should be compared with (5.8): € is enhanced in the singlet model
by a factor 1/d3. As neutrino masses occur at 1-loop level, the Yukawa couplings required to
generate the observed neutrino masses are larger than usual, enhancing €. However, larger
Yukawa couplings are a concern as they enhance the washout rate of the lepton asymmetry
after production, and we now turn to this.

In theories where the dimension-5 operators generating the matrices M and y are
independent, it is always possible to avoid strong washout by imposing a small contribution

to the neutrino mass matrix from the seesaw exchange of vp,: mss < 1072 eV. However, when
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M and y matrices are correlated as in (6.20), and the [ parameters are of order unity, the
condition for weak washout becomes m,,/d3 < 1073eV. Since m,, ~ 0.05eV, leptogenesis

~

is firmly in the strong washout regime, with efficiency parameter (see (5.2))
n ~ 10726316, (6.27)
Using (6.26) and (6.27) in (5.2), leads to a lower bound on the mass of vg, that is in-

sensitive to ds

11
M, > 104" GeV

2 g (6.28)

Using this result in (6.24), the bound on v depends on the mass of the lightest active neutrino

695 70.01 eV)°~5

vr > 1.7 x 10" GeV —— (
my,

7 (6.29)

In (6.28) and (6.29) the equality sign holds if 5; ~ 1. Therefore, in the Radiative Singlet Model,
the lower bound on vg is stronger than the naturalness limit from thermal leptogenesis with
generic dimension-5 operators (5.12). Furthermore, vy becomes larger as v; is made lighter.’

Could degeneracy among the right-handed neutrinos play a role in increasing e and
loosening the bound of (6.29) on vr? Since J; is only logarithmically dependent on generation,
degeneracy among vp leads, via (6.24), to degeneracy among the active neutrinos. Since
we require

m., —mg, =T7x107°eV?, m2 —m., =24x107%eV? (6.30)

increasing the degeneracy of v; and vy requires increasing m,, ,, which is limited by the
cosmological constraint on the sum of the neutrino masses,

My, + My, + My, < 0.12€V. (6.31)

This leads to a limit on the degeneracy and therefore a limit on the degeneracy factor g(z)
relevant for leptogenesis in eq. (5.5) of g(z) ~ my, /2(my, — my,) < 13. This relaxes the
constraint (6.28) on M; by a factor 13 and the constraint (6.29) on vg by a factor v/13.
Furthermore, there is no symmetry in the Radiative Singlet Model that guarantees this
degeneracy, so any weakening of (6.28) and (6.29) is accidental. Thus the Radiative Singlet
Model is unable to weaken the bound on vy that results from the case of general dimension-5
neutrino mass operators.

In the non-thermal leptogenesis scheme of section 6.1, the reheat temperature after decay
of a degenerate gas of vg, is below M; for pp < M, as shown in (6.5). This can lead to
weak washout, even if the typical vr, momentum at decay, pp, is close to Mj, so that the
enhancement factor of (6.4) approaches 60. In addition, € of (6.26) is enhanced by 1/d3, so
that the lepton asymmetry is enhanced by a factor as large as 60/d3 relative to thermal
leptogenesis. For d3 ~ 0.1, the bound of (6.29) on vg is then loosened to about 4 x 10'° GeV.
While this approaches the lowest bound on vy with vr degeneracy, of (6.12), it requires a
particular setup for reheating after inflation, and a particular vg, decay rate.

SIn the case that 8; ~ 1, (6.28) and (6.29) with equality signs become order of magnitude predictions for
M; and vg. Leptogenesis and the three light neutrino mass eigenvalues can then be used to determine vgr and
x;. For example, with §; = 0.1, neutrino masses of m,, ~ (0.005,0.01,0.05) eV give z; ~ 0.14,0.2,0.45, and
vr ~ 10" GeV, where the arbitrary scale Mg appearing in (6.19)—(6.26) has been set equal to vg.
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7 Domain wall leptogenesis

Domain walls offer another mechanism to produce right-handed neutrinos non-thermally,
which can potentially enhance Y7 above the thermal value and relax the naturalness bound
on vg. In this section we show that non-thermal leptogenesis produced by the production
of vk, from the decay of domain walls requires vg > 2 x 102 GeV and thus cannot beat
the naturalness bound of vg > 102GeV (5.12).

Domain walls are interesting to LR models since they are naturally inherent to the
theory; the breaking of the discrete symmetry associated with the LR symmetry generates
domain walls at the scale vy [44-46]. Oftentimes, the default assumption is that the reheat
temperature of the universe after inflation is below the scale vr so that the domain walls are
effectively diluted away and can never come to dominate the universe - a generic problem
of domain walls known as the ‘domain wall problem’ Nevertheless, this assumption need
not be true and it is possible that the reheat temperature after inflation was above the scale
vr so that domain walls formed in our early universe after inflation. Compatibility with
our present-day universe then requires that the walls decay before dominating the universe,”
which can result from a small parity breaking term in the theory or, depending on the
GUT completion, from becoming attached to cosmic strings, causing the wall-bounded string
system to decay via gravitational waves [45, 49, 50].

We now proceed with a few simple arguments to show that leptogenesis via non-thermal
vgr production from domain wall annihilation does not allow values of vz below 10'2 GeV,
the lower bound from thermal leptogenesis.

Without loss of generality, let vr, be the right-handed neutrino whose decays are
responsible for leptogenesis. The non-thermal yield of vg, from wall annihilation can be
written as

pow (tr)

Yop = F

- TS (7.1)

where ppw (tr) is the energy density of walls at the wall annihilation time, ¢p, s(tr) is the
entropy density at tp. The efficiency factor n < 1 parameterizes how effectively the wall
energy is transmitted to right-handed neutrinos; it is at most unity when all the energy
density of the walls is transmuted to non-relativistic vg,. In general, F is the fraction of
h that end up decaying to vg,. As discussed in appendix B, F depends on the product of
the branching ratio of h — vg,l; and the fraction of decays that occur in the time when
h can kinematically decay into vr,. We estimate F in appendix B and find it to be much
less than 1072 for vp < 102 GeV. The left panel of figure 6 shows the dependence of F
on M;j/vg for a variety of vg.
The baryon yield eventually generated by the vg, originating from domain walls is

28 28

Yp = 779YVR1 €1 < %Yle €Max 5 (72)

"Domain walls experience repulsive gravitational accelerations of order Go [47, 48]. This repulsive pressure,
~ Go? always dominates over any vacuum pressure difference on the walls if the vacuum pressure is weak
enough to allow the walls to dominate the energy density of the universe in the first place.
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Figure 6. Domain Wall Leptogenesis. Left: efficiency parameter F (fraction of h that decay to vg,)
as a function of M; /vg. For small M; /vg, F is set by the branching ratio of h — vg, 11, corresponding
to the first argument of the Min function in eq. (B.5); the branching ratio increases linearly with M;
and hence F rises linearly. For larger M7 /vg, F is set by the fraction of decays that occur when h can
kinematically decay to vg,, which occurs at times much earlier than the lifetime of h, corresponding
to the second argument of the Min function in eq. (B.5); the kinematically allowed fraction of decays
decreases linearly with M; and hence F decreases linearly. Right: domain wall leptogenesis can
generate the observed baryon asymmetry, using the efficiency F of the left panel, in the unshaded

region of the M; — vr plane, requiring vy > 102 GeV.

where ey ~ %MlAml, / v% is the maximum asymmetry per decay [33, 35, 51] when the

right-handed neutrinos are not highly degenerate [10]. Inserting (7.1) into (7.2) implies the

maximum baryon asymmetry is independent of the right-handed neutrino mass, M, such that
0.05 A t

Ys < F
gss vi T}

The value for ppyw/ Tr> depends on the cosmological state of the walls at decay,
vr \3 |1 N
(> A2 (Wall formation, Kibble-Zurek)

t 1
PO g (2R (20BA3)3 (Friction Regime) (7.4)
Ty M

1 1
(vR> ’ (803)\%)% ( ! ) ’ (Scaling Regime)
Mp, tdom

Above, we have written the wall tension as o = A/ QU%, where A is the Higgs quartic coupling.
The variable § parameterizes the number of particles scattering with the wall and is always
above unity due to the interactions of the wall scalar field with the thermal bath. Last,
C? = 8m3¢,/90 and tqom = M3,/o is the time at which the walls dominate the density

of the universe.
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We see that eq. (7.4) is maximized when the walls decay soon after formation due to the
enhanced Kibble-Zurek initial abundance. However, even with this maximum possible Yp,
there remains a strong lower bound on v in order to achieve a sufficient baryon asymmetry;
namely, to match the observed baryon abundance, YéObs) ~ 8 x 107, vp must be greater
than ~ 6 x 10'Y GeV assuming an unrealistic maximal efficiency F = 1. In reality, F decreases
dramatically for lower vg since the efficiency is maximized when the mass of vg, matches that
of decaying Higgs field so it as non-relativistic as possible. Consequently, when incorporating
the reduced efficiency of Yo, as shown in the left panel of figure 6, the lower limit on vpg
increases to ~ 2 x 1012 GeV, as shown by the solid blue region in the right panel of figure 6.

This lower limit for vg is comparable to the naturalness limit from thermal leptogenesis.

8 Summary

In theories where the electroweak sector includes SU(2); x SU(2)g with minimal Higgs
doublets Hy(2,1) and Hg(1,2), an approximate parity symmetry can solve the strong CP
problem over a wide range of (Hgr) = vg. When parity is exact, spontaneous parity breaking
occurs via the radiative Higgs Parity mechanism, and the observed values of m; and «;
require vg > 10° GeV. Neutrino masses, in both LR and Mirror versions of the theory, arise
from an effective theory with dimension-5 operators restricted by parity. This correlates the
light neutrino masses with the right-handed neutrino masses and neutrino Yukawa couplings.
Requiring that the lightness of the observed neutrinos does not involve fine-tuning, we have
shown that thermal leptogenesis requires vg > 102 GeV, provided there is no degeneracy
among the right-handed neutrinos.®

This bound on vy leads to an indirect probe of leptogenesis in this theory. The large
values of vg required for leptogenesis are consistent with the observed Higgs mass only for low
values of m; and/or high values of as, as shown in the right panel of figure 2. More accurate
determinations of m; and a, will greatly reduce the uncertainties in the prediction for vg, as
shown in figure 3 for the LR model and figure 12 for the Mirror model. If vy is determined
to be below 102 GeV, thermal leptogenesis would be generically excluded. On the other
hand, a determination of v above 10?2 GeV would lend support to thermal leptogenesis.
Furthermore, a neutron electric dipole moment becomes more likely as vy increases, generated
by the operator of (2.7). Over the coming decade, or beyond, a determination of a large
value for vp and a discovery of an electric dipole moment of the neutron would together
provide significant indirect evidence that the cosmological baryon asymmetry was created
via thermal leptogenesis in this theory.

The LR theory may be embedded into SO(10) unified theories [22]. The preferred vg
and unification scale from precise gauge coupling unification depend on the mass spectrum
of heavy gauge bosons which is determined by the representations of the SO(10)-breaking
Higgses. If SO(10) is broken only by a 45 Higgs, precise gauge coupling unification prefers
vr and the unification scale to be around 10 GeV and 10'7 GeV, respectively. If a 54
Higgs also obtains a vev, which helps stabilize the desired vacuum [52], the preferred vg

8The theory does have fine-tuning in the SM Higgs boson mass. However, the electroweak hierarchy
may originate from some mechanism that is not available in the neutrino sector; for example, environmental

selection in a multiverse.
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increases to 10'2713 GeV and is consistent with the requirement from successful leptogenesis.
At the same time, the preferred unification scale decreases so that future observations of
proton decay are more likely.

If future experiments find values of m; and «y such that vy is determined to be less than
102 GeV, then there are four possibilities for retaining successful leptogenesis:

¢ Adding extra scalars to the theory below vgr. A mixed quartic coupling with the SM
Higgs affects the running of the SM quartic coupling, increasing vg. This extra light
scalar increases the fine-tuning of the theory.’

¢ Adding soft breaking of parity in the potential for Hy, and Hg. This allows a tree-level
vacuum with a large hierarchy of vevs, so that the SM quartic is unconstrained. However,
the soft breaking is large, typically with a scale of order vg, and its origin requires a
complication of the theory.

e Leptogenesis may be non-thermal, for example resulting from the decays of a degenerate
gas of vg, after inflation. However, this still requires vg > 10! GeV.

e Degeneracy can be imposed in the right-handed neutrino spectrum. Degeneracy at
the level of 107% may naturally result from approximate symmetries and can lead to
reductions in M; to below 10* GeV and vg to near 10° GeV. This would be consistent
with values of m;(a;) that are 30 above (below) the current central values.

The first two options significantly weaken the simplicity of the theory; only vgr degeneracy
easily allows much lower values of vg.

If parity is softly broken, even by a small amount, parity may break after inflation
producing a domain wall network. We find that leptogenesis during collisions of these domain
walls does not avoid the bound of vy > 10'2 GeV.

The dimension-5 neutrino mass operators can result from the exchange of fermions
that are gauge singlets. This Radiative Singlet Model is particularly simple, and correlates
parameters so that the direct and seesaw contributions to the light neutrino masses cancel.
Neutrino masses are radiative, and hence require larger Yukawa couplings. While this
enhances the creation of the lepton asymmetry, it forces thermal leptogenesis into the strong
washout domain; the latter dominates, so that the natural bound on wvg is strengthened. In
this model, the prospect for discovery of a neutron electric dipole moment is excellent. In the
special case that the Radiative Singlet Model yields a lepton asymmetry via non-thermal
leptogenesis, strong washout can be avoided. The bound on vg in the third bullet above
can then be weakened to vp > 4 x 1010 GeV.

Figure 7 summarizes our results for thermal leptogenesis in the minimal Higgs Parity
theories that solve the strong CP problem via an exact parity, with neutrino masses arising
from the dimension-5 effective theory of (4.1). The blue curve shows the lowest possible
value of vg and M; as a function of AM/M = (My — My)/M; which, when small, is a
measure of the degeneracy between the decaying and virtual vg. The orange dots show

9We note that the Higgs Parity theory has the same amount of fine-tuning in the Higgs potential as in the
SM. While it does not address the hierarchy problem, it does not make it worse.
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Figure 7. Lower bounds on vg (horizontal axis) and M; (vertical axis) from thermal leptogenesis in
theories with exact parity and minimal Higgs scalars, as a function of the degeneracy AM /M of the
right-handed neutrinos involved in leptogenesis. In the left of the figure, in the region where there
is a degree of degeneracy between vr, and vg,, we take M3 ~ Mi; to the right of the figure, where
My > M, we take M3 < Ms. Other choices for M3 give stronger lower bounds on vg. The curve
traces out the intersection of the blue and orange lines in figures 4 and 5 in the non-degenerate and
degenerate regime, respectively. The contour is dashed where the high degree of right-handed neutrino
degeneracy can only be obtained by fine-tuning. The dashed vertical lines show the predicted range
for vg for my = (172.56 £ 0.48) GeV. As wvp is increased, the dimension-6 operator of (2.7) gives a
contribution to 6 proportional to v%, as indicated by the top axis. Increasing vg from 10'2 GeV to
10** GeV, current experiments searching for the neutron electric dipole moment are progressively more
likely to see a signal. Increasing vg above 104 GeV, the strong CP problem reappears, as show by the
gray shading.

representative values of AM /M so that degeneracy increases from right to left. The horizontal
(diagonal) segment represents the non-degenerate (degenerate) region and corresponds to the
intersection of the blue and orange lines of figure 4 (5), which represent the lowest possible
values of vp and M; for a given AM/M.

Figure 7 demonstrates that the lowest possible vp and M; require the most degenerate vg.
However, flavor breaking in the charged leptons limits the natural degeneracy of right-handed
neutrinos to the level of 1076 as shown by the dashed blue curve, which corresponds to
(vg, M1) below (10°GeV,10% GeV). On the other hand, for large vg, the discovery of a
neutron electric dipole moment becomes more likely as it can be generated by the operator
of (2.7). A signal is likely if v is of order 10'2 GeV, the lower bound from leptogenesis without
degeneracy, and is strongly expected for vp above 10™ GeV. As vp increases above 1014 GeV,
the strong CP problem begins to re-emerge, as shown by the gray shading. When parity is
exact, the scale of its spontaneously breaking, vg, can be computed from SM parameters. For
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as(Mz) = 0.1179 and the 1o range of m; = (172.56 4 0.48) GeV, the predicted range for vp is
shown by the vertical dotted lines. Of course, including uncertainties in s and more than 1o
in m; the allowed range is much wider, but future measurements offer the prospect of a much
more accurate prediction, with important implications for leptogenesis and neutrino masses.
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A Naturalness limit on vz degeneracy

In a natural theory, the degeneracy between vg, and vg, should be greater than any quantum
corrections that generate a mass difference between them. In LR models, the operators which
generate the masses for the charged leptons also generate unavoidable corrections to M and
My; that is, they break the symmetry that made vg, and vg, degenerate. For example, note
that the operators that describe the neutrinos eq. (4.1), and the charged fermions,

ct cd ¢
Lewd= ﬁQiquLHR + ﬁQinHzHE + ﬁlilezH}Tz +h.c., (A.1)
are necessarily described by an effective field theory; the dimension-5 operators given in
eq. (A.1) must be generated by other physics. There are two possible ways to generate such
operators: by integrating out a heavy scalar field or by integrating out a heavy fermion field.
First, consider the case where the charged lepton Yukawas arise from integrating out
a bifundamental scalar in the UV completion

L=—m3|®> + (x;;®0:0; — ASTH] H, + h.c.), (A.2)

as shown in the left panel of figure 8. This generates the charged lepton Yukawa coupling
Yi; = Azijvg/ m?{,. It also generates non-canonically normalized kinetic terms for the vg,

L =(1+06711) 7600 + (1 + 6 Za2) U500 + (5212 vl 500, + h.c.) , (A.3)

where 0Z;; ~ wp;xy; /872, as shown by the diagram on the right panel of figure 8. This wave
function renormalization induces a mass splitting of [11]

AM

2
=V 070~ 67)° + (0212 +670)° 2 8% ~ 107, (A.4)

where 3, ~ 1072 is the 7 Yukawa coupling.

— 30 —



: e
+ v Ol _
? ___22___4|__.<___.HT ?_>_:_<k—‘>_£]

i R

Figure 8. Left: Feynman diagram showing how the charged lepton Yukawa couplings are generated
in a UV completion involving a bifundamental scalar. Right: the same interaction also necessarily
generates a mass splitting for the right-handed neutrinos, limiting the smallest natural degeneracy
between vg’s to be of order AM/M ~ y2 /87 ~ 107°.
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Figure 9. Same as figure 8 but when the charged lepton Yukawa couplings are generated by heavy
fermions E, E. The naturalness limit on the radiative mass splitting is also AM /M ~ 32 /87 ~ 1076,

Figure 10. In the effective field theory, radiative corrections generate dimension-5 operators for
neutrino masses from the dimension-5 interaction that leads to the charged lepton Yukawa couplings.

A similar constraint occurs if instead the charged lepton Yukawas arise from integrating
out heavy fermions, FE, E, in the UV completion

L=z liEH) 4 (25) GEH Y, + Mp o EoE, +hec., (A.5)

as shown in the left panel of figure 9. This generates the charged lepton Yukawa coupling
v = zfa(zgj)*vR/ME@ if Mpo > zevr or yf; = ze if Mpa < zevr. Again, the same
operators in (A.5) generate non-canonically normalized kinetic terms as in eq. (A.3) now
with 07;; ~ 2§,(2jq)* /872, Wavefunction renormalization thus gives the same limit on
AM/M as eq. (A.4).

Last, even without reference to any UV completion, in the LR effective field theory of
eq. (A.1), the dimension-5 operators for the charged lepton masses necessarily generate a mass
splitting for vg ;. This is demonstrated by the diagram of figure 10 which generates a wave
function renormalization parametrically similar to that generated in the two aforementioned
UV completions,

|AM| 1 L, /AN o [ AN
M~ (1622t (m) oA (m) (46)

which is roughly one-loop factor smaller than eq. (A.4), though it can be larger for A > vp.

— 31 —



B Efficiency of domain wall leptogenesis

In this section, we elaborate on the production of vz from the annihilation of domain walls
and estimate the efficiency parameter, 1, of eq. (7.1), showing that it is highly suppressed
for vg < 102 GeV and becomes O(1) only for vi > 1012 GeV. Consequently, domain wall
leptogenesis is not a promising way to lower the naturalness bound on vg below 10'2 GeV.

Consider two domain walls immediately before coming into contact and annihilating into
Higgs particles. Sufficiently close to the walls, the surfaces are roughly plane parallel patches
of area A as shown in figure 11. The energy in each wall patch is

1

Ey ~y(vy)oA, ~y(vy) = Vi (B.1)

The Lorentz factor of the walls is roughly unity since friction between the wall surface
and the background plasma impedes wall motion even with the false vacuum accelerating
the walls together.

After wall annihilation, Higgs particles are produced. We have performed 1D simulations
of planar walls annihilating and find that after a time ¢, the Higgs field approximately spreads
out uniformly in space out to a distance L = t. The average energy density of the Higgs
field h (the angular excitation between Hj and Hp as shown in figure 11) within a distance
L < tr from the point of annihilation is then

Ey . ¥ (vw)o 4

Since the wall tension of the Higgs field is approximately o ~ ﬁv% and the Higgs fields
propagates relativistically, the value of the Higgs field a time ¢t ~ L after annihilation is

o 1/4
h ~ ()\1/27&) . (B.3)

We see that at early times after wall annihilation, the Higgs field is largest. Kinematic

production of vg, requires that the effective Higgs mass, meg 5, ~ V/Ah, is greater than M;.
This occurs at a time less than

3/2 U?%

t = \VE—x B.4
max Mil ( )
When tmax < L7 the production of vg, is suppressed since only a small fraction of

h‘H’Rl 1
decays occur while h is large enough to permit the reaction h — vg,l1. Quantitatively, the

fraction of vg, ultimately produced — equivalently, the efficiency factor F — is

2 2

. Y1 . A 2\ YR
F =Br(h — [1) x Min {1, I'yt ~ 7= - xM 1, — — 5. B.5
r( VR, l1) in { htmax} yg _|_y% m{ 87T(y1 +yb)M12} ( )

Here, T, =~ (y? +42)/(87)VAh(h/vR) is the total decay rate of the Higgs particles emanating
from the wall, y, the bottom quark Yukawa coupling, and h/vg is the time dilation factor
of the Higgs particles escaping from the wall which have momenta k ~ vAvg and mass
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Vacuum configuration in field space Wall annihilation to A

Figure 11. Left: visualization of vacuum configuration in field space for H; and Hp. Because
the Coleman-Weinberg potential and the Zs-breaking piece are small (see eq. (C.3)), the potential
is nearly SU(4) symmetric with the angular excitations h being nearly massless. The curvature of
the Coleman-Weinberg potential generates a small mass for the Hy, vacuum while the Zs-breaking
piece ensures that this minimum is the absolute minimum of the potential, causing the domain walls
to annihilate. Right: simplified illustration of leptogenesis from domain wall annihilation. If there
exists a small parity breaking term in the theory, a pressure difference is generated between the walls,
eventually causing them to collide and annihilate. After annihilation, excitations of the angular field A
emanate from the surface of contact of the walls, representing excitation of Higgs quanta. These Higgs
quanta initially have large field values and can thus kinematically decay to vy, potentially generating
a large non-thermal abundance of v whose own decays eventually generate a lepton asymmetry.

Meff h ~ VAh. Note that since the effective top quark mass meg; ~ y:h is greater than
Meft,h, h cannot decay to two top quarks. Instead, the dominant h decay out of vg,l; is
to two bottom quarks. For y; < yp, the efficiency is suppressed by the small branching
ratio into vg, compared to bottom quarks. We take the renormalized value of y;, above
vr > 1010 GeV to be around 0.008.

We show the value of F as a function of M;/vg in the left panel of figure 6. Here, we
take y? = Mym/v? where m = 0.1eV is the largest natural value for m without needing
fine-tuned cancellations between the direct and seesaw mass contributions of ;. Note that
since domain wall leptogenesis is non-thermal, it is possible to take y; > y, without causing
washout which can occur for such large m. We also take A = 0.1 which is an optimistically
large value of the Higgs quartic near the scale vgp. The right panel of figure 6 shows the
region where the baryon asymmetry given by eq. (7.1), and using the efficiency of eq. (B.5), is
unable to match the observed baryon Yz ~ 8 x 107!, We see that domain wall leptogenesis
requires vg > 5 x 102 GeV, comparable to the bound from natural thermal leptogenesis.

C Model-dependence of parity breaking scale

In this appendix, we discuss the model dependence of the Parity breaking scale arising from
the threshold correction at the parity breaking scale and the running of the quartic coupling.
We discuss Models A and D of ref. [9], which have no additional stable charged particles and
are consistent with cosmological evolution with high enough reheat temperature to achieve
thermal leptogenesis. The fermion contents of Models A and D are shown in tables 2 and 3.
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Hy|Hr |4 | @ | & |6 |\U; | U | D; | D; | E; | E;

SUB) | 1 | 1 |3 3|1 |1[3|3 |3 |3|1]1

Ssu@2).| 2 | 12|12 |1]1]1]1]1]1]1

SU2)z | 1 | 2 |1 2|1 |2|1]1]1]1]1]1
1 1 1 1 1 1 2 2 1 1

Ubx | 3 | =2 |6|6| 22|35 |"3|-3|3 | 1|1

Table 2. The gauge charges of Higgses and fermions in the LR theory (Model A).

HL HR q; q; fz (; ﬂi a; JZ 7; éi ég

SUB) | 1 | 1 |33 1|1|3 |3 |3[3|1]1

SU12), | 2 1 (2|12 |1 |11 [1]1]1]1

SU(2)r | 1 2 (1|21 2|11 ]|1]1]1]1
1 1 1 1 1 1 2 2 1 1

Ubx | 2 | 2 |6 |6 2| 2| 35|53 |3]|!]|!

Table 3. The gauge charges of Higgses and fermions in the Mirror theory (Model D).

Model A with large Dirac masses, My, U;U; + MDiDZ-Di + MEiEiE’U gives the LR theory.
Integrating out the heavy fermions generates dimension-5 operators leading to SM quark and
charged lepton masses after electroweak symmetry breaking. Model D is the Mirror model.

C.1 Threshold correction

Model-dependence arises from threshold corrections from the interactions that lead to the
top quark Yukawa coupling. In Model A, these interactions are

L=-xqUH —2qUHR — MUU. (C.1)

After SU(2)r symmetry breaking, a linear combination of @ O ¢ and U obtains a mass
1/x2v% + M? and the other linear combination remains massless to be identified with the
right-handed top quark. The top Yukawa is

z2up
= 2
z2vp + M

The threshold correction to Agyi(vg) can be computed in the following way.

(C.2)

1. Compute the Coleman-Weinberg potential of Hy, and Hg from the top Yukawa sector
and add it to the tree-level potential,

V = X|HL|* + |Hr*)? — m3(|HL|* + |Hg|?) + e|H|*|Hg|* + Vow(Hy, Hg). (C.3)
2. Minimize the potential with respect to Hr while taking H; = 0 to fix the parameter
m3; so that (HR) = vg.

3. Integrating out Hp to obtain the effective potential Veg(H|) and fix the parameter € to
take the quadratic term of Hy, to be zero, which corresponds to electroweak fine-tuning.
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4. The coefficient of |Hy|* is of the form

3 H}
Verr/|Hp|* = a — Wy? 111|ng‘: (C.4)
R

where the constant term a depends on the couplings of the UV theory.

5. Comparing this with the CW potential of the SM in the MS scheme,

3 y2|HL\2 3

H 4 _ _ 4 1 t 2 )

VCW,SM/’ L| AsM (,U) 1672 Yy ( 1 ,UJQ 9/ (C 5)
we obtain
3 3
Asm(vr) = a+ @yf (hﬂ?/t2 - 2> : (C.6)
Applying this procedure to the Lagrangian in eq. (C.1), we find
3 4 2 a? 3 4 2

Msa(vr) = 150! (-2 +Iny? + 21nyt2> > 1ol (—2+my?), (C.7)

where the inequality is saturated when x = y;, i.e., M = 0. The prediction on vg for M # 0
is always smaller than that for M = 0.
In Model D, the top Yukawa is given by the Lagrangian

L=—xquH; —xqu'Hr — 2qu'Hy, — 2q'uHp. (C.8)

After Parity breaking, a linear combination of @ and 4’ obtains a mass Va2 + 22 vg. Another
linear combination remains massless and is identified as the right-handed top quark. The
top Yukawa is

T4 —z

ve= Va2 + 22
For z <« x and = < z, ¥ = x and z, respectively. We find that the threshold correction
to Asm(vg) is

(C.9)

3 9 z? 4 22 3 4 9
Msw(vr) = 1 i (—Q—f—lnyt i | = e (~2+my?), (C.10)

where the inequality is saturated when z = 0 or x = 0. The prediction on vg for z # 0 or
x # 0 is always smaller than that for z = 0 or z = 0.

C.2 Running of quartic

In Model A where the right-handed SM fermions are mostly the Parity partners of the
left-handed SM fermion, the RGE running of the Higgs quartic coupling is the same as the
SM. If we take the Dirac masses analogous to M in eq. (C.1) to be zero, the Parity partners
of the SM fermions have masses mgyvgr/vr, and the running of the SU(3). x U(1)y gauge
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Figure 12. Future determinations of vg from improved measurements of SM parameters. The figures
are analogous to figure 3 but for the Mirror Theory. The two modifications are the running of «;
from mirror quarks which are charged under the Standard Model SU(3), as well as the modified
threshold correction at vg. Left: centered on my(as) that are 1o above (below) the current values.
Right: centered on m;(cs) that are 1o below (above) the current values.

couplings is modified. In Model D, where the parity partners of the SM fermion are new
particles, the Parity partners may be also as light as mgmvg/vr.

Thus, the two main modifications to determining the running of the quartic in Model D
are: 1) The incorporation of the mirror quarks to the running of as and 2) the incorporation
of all mirror particles that possess hypercharge to the running of ay. In both cases, we
manually increment the number of light mirror fermions to the relevant beta functions at
the scale u = ylvg, where y, are the mirror fermion Yukawa couplings. Note in the Mirror
theory, the threshold correction eq. (3.3) to A at the scale vg is the same as in the Left-Right
theory. We numerically determine the renormalization scale at which Agy equals (3.3) and
show the results in figure 12, which is analogous to figure 3 for the LR theory. In general,
the incorporation of mirror quarks reduces the running of «y at high scales, shifting the
colored bands slightly up relative to figure 3.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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